In this article, we describe a collaborative approach to develop, integrate 
INTRODUCTION
Our nation has identified the need to prepare the future workforce to meet the demands of emerging nano and bio technologies [1] . From a mechanical engineering (ME) education standpoint, this need demands the integration of nano/bio technology in the undergraduate curriculum. Motivated by such a demand, we propose a collaborative approach which involves three universities to develop, integrate, and assess a teaching module on smart actuators for three different courses in the ME undergraduate curriculum: a junior/senior-level course on dynamics systems and controls, a senior-level mechatronics course, and a capstone design course.
Smart actuators -for example the piezoelectric actuator (or piezo actuator) -are important because of their wide-spread use in a multitude of emerging nano and bio technologies. The subject module will address the important aspects of modeling, control, and design of smart actuator-based systems through a suite of lectures and laboratory teaching materials. The learning exercises aim to equip students with the knowledge, understanding, and skills necessary for tackling problems in nano/biorelated professional fields.
Preparing the workforce with the skills to succeed in nano/bio technology is essential to maintaining U.S. economic leadership [2] . Recent trends strongly suggest that these emerging technologies will lead to a technological revolution that will profoundly impact all sectors of the economy (as well as society) [3] . It is projected that over 7 million jobs will be created in these fields world wide by 2015 [4] . This projection is plausible, considering currently the U.S. biomedical technology industry -with its $78 billion annual production -demands highly qualified (and a large number of) engineers from traditional engineering specialties such as ME [5] . The demand to properly prepare the future workforce has raised interest by the ME academic community that nano/bio technology should be one of the new "thrust areas" in ME education [6] . Therefore, the need to integrate nano/bio technology into the ME curriculum motivates this project.
Providing students with the knowledge of, and hands-on design experience with, smart actuators is one crucial step in integrating nano/bio technology into ME education. As noted, the study of smart actuators -such as piezoelectric, shape memory alloy (SMA), and magnetostrictive based devices -is important because they are heavily used in a multitude of nano and bio technologies. For example, piezo actuators are used for nanopositioning in atomic force microscopy (AFM) to image and manipulate samples at the nanoscale [7] -AFM is one of the most important instruments in nanotechnology; and SMA actuators are used in micro-pumps [8] and minimum invasive surgical tools in biomedical applications [9] . Thus, smart actuators play a critical role in these emerging areas, similar to the role that electric motors have in industry and society. But contrast to the well-established coverage of electric motors in the ME curriculum, modeling and control of smart actuators has not yet been systematically presented in core ME courses.
The impact that smart actuators will have is analogous to the impact made by the electric motor since the industrial revolution. Electric motors have revolutionized the productivity of the workplace and contributed significantly to bring society to its current state [10, 11] . Such advancement, however, would not have been possible without encompassing/embracing the fundamentals of modeling/control of electric drives in the engineering curriculum. For instance, electric motors are covered in the widely used ME texts [12, 13] and the subject is tightly woven into core ME classes such as system dynamics and mechatronics. As nano/bio technology begins to unfold, smart actuators will play a key role in revolutionizing the productivity of emerging nano and bio applications. There's no question about the impact of these emerging technologies, but to ensure their advancement, it is important to properly prepare the future workforce for these areas.
Mechanical engineering programs around the country have developed nanotechnology-related undergraduate courses, for example, the "Nano-to-Macro Transport Processes" course at MIT, the "Nanomanufacturing and MEMS Technology" (ME 528) course at ISU, the "Micro/Nano Science and Engineering" (ME 495) course at Northwestern University, and the "Micro/Nano-Robotics" (ME 24779-A) course at Carnegie Mellon University (CMU). These courses address critical issues in nanotechnology-related fields, such as manufacturing, design, and control. In contrast, we consider developing a module over creating an entirely new course. This approach has two advantages over the new-course approach used at other schools. First, it is better to integrate concepts all through the curriculum, especially in core courses, rather than in one course [14] . Second, it is difficult to introduce new core courses into an existing curriculum. (The ABET criteria [14] focuses on the learning objectives and outcomes of core courses because core courses impact a larger number of students, compared to, for example, technical elective courses). Technical electives courses are typically easier to create and offer to students, but not all students take these courses. Therefore, the proposed approach enables the integration of the subject concepts into the core curriculum. In this sense a module can be more easily integrated into the curriculum at other schools.
To take a lead in exposing students to the fundamentals and importance of smart actuators, we exploit a collaboration between three universities to develop, integrate, and assess a teaching module that focuses on the modeling, characterization, and control of smart actuators. The piezo actuator, a common smart actuator, is used as an example. The module is created based on our research expertise with developing advanced modeling and control techniques for smart actuators, e.g., [15] [16] [17] [18] [19] , and in essence, this work integrates research with education. The contribution of this paper is it presents the initial planning phase of the collaborative efforts to develop the piezo actuator module. The module consists of lectures (theory) and laboratory (experiment) activities to address three important aspects: (1) physics, modeling and characterization, (2) control, and (3) design. We will also discuss the implementation and methods by which the effectiveness of the module will be assessed.
The remainder of this paper is organized as follows. In Section 2, we discuss the expected learning objectives and outcomes of the module. Afterwards, we describe in detail the lecture and laboratory components related to modeling and control in Sections 3 and 4, respectively; followed by a discussion of the design component in Section 5. The implementation and assessment process are described in Sections 6 and 7. Finally, we present our conclusions in Section 8, followed by acknowledgements in Section 9.
LEARNING OBJECTIVES AND OUTCOMES
The module development plan begins by identifying the expected learning objectives and outcomes. Upon completion of the piezo actuator module, students should be able to: (a) understand the fundamental concepts of modeling/control of piezo actuators, (b) transfer the knowledge to solve engineering problems at higher levels of abstraction, (c) recognize mechanical engineering concepts in nano/bio technologies, and (d) perform experiments. Specifically, the module will emphasize the following topics:
1. Physics, Modeling, and Characterization of Piezo Actuators -students should be able to (1a) understand the piezoelectric affect and constitutive relations, (1b) recognize and model the vibrational dynamics and hysteresis effect, (1c) characterize the hysteresis behavior, and (1d) design experiments to measure the input-output behavior of piezo actuators; 2. Control of Piezo Actuators -students should be able to:
(2a) understand the concepts of feedforward and feedback control in the context of piezo actuators, (2b) identify the key issues in designing feedback controllers for piezo actuators, (2c) design a feedforward and feedback controller to compensate for creep, hysteresis and vibration effects, (2d) implement a controller on an experimental system; and 3. Design with Piezo Actuators -students should be able to: (3a) identify problems in the nano/bio fields which can be addressed by applying engineering concepts, (3b) apply engineering concepts to design a piezo-based system for nano/bio technologies, and (3c) construct a prototype system involving a piezo actuator.
To ensure these topics are addressed, we will describe next the lectures and laboratory materials. A partnership between three universities -Iowa State University (ISU), the University of Washington (UW), and Virginia Commonwealth University (VCU) -was formed to collaborate in developing, implementing, and assessing each component of the example piezo actuator module.
PHYSICS, MODELING, AND CHARACTERIZATION OF PIEZO ACTUATORS
Piezo actuators are used to position a tool relative to a sample surface with sub-nanometer resolution. To teach the fundamentals of piezo actuators, this component consists of two concepts: the piezoelectric effect and dynamic behavior of a piezo actuator.
The Piezoelectric Effect and Constitutive Equations
The objective of this component is to teach students the piezoelectric effect, the fundamental mechanism behind the extraordinary ability for piezoelectric materials to behave as an actuator and a sensor [20] . To illustrate and convey this concept, we use the quartz crystal model to explain the piezoelectric effect: stress induces an electric dipole moment, and likewise, applied voltage causes the crystal structure to deform, as depicted in Fig. 1 (a), (b) [21] . When this model is introduced to students, it's linked to their background in physics and material science courses (e.g., the behavior of charged particles and the crystalline structure of materials such as ceramics [22] ). This model gives students a conceptual framework for how a piezo actuator works. Next, the basic constitutive relationship between the applied input voltage and the resulting displacement of the piezo actuator is taught [23] . The relationship describes the linear electromechanical properties of the device, and it is based on the assumption that the total strain is the sum of mechanical strain induced by mechanical stress and the strain caused by an applied input voltage. Students are asked to verify the relationships through a laboratory exercise (see next section) where they will apply an input voltage and measure the displacement of an experimental piezo actuator.
Modeling and Characterization
The objective of this component is to teach the fundamentals of system dynamics and nonlinear hysteresis effect. The behavior of piezo actuators expresses the combined effects of creep, hysteresis, and vibration [24, 25] . The lectures and laboratory experiments are designed to teach students how to model the linear dynamics (creep and vibration) and the nonlinear hysteresis. Students are also exposed to hands-on experiments to further explore these issues.
Lecture: Modeling Linear Vibrational Dynamics
The simplified linear models to capture the creep and vibration effects in piezos are shown in Fig. 2(a) and (b), respectively [25, 26] . These models utilize the three common mechanical elements traditionally taught in core ME course on system dynamics (i.e., spring, mass, and damper) to capture the creep and vibration effects. Vibration modes of mechanical systems, a key concept in ME undergraduate dynamics/control courses [27] , is integrated to the lecture to facilitate the discussion.
The creep and vibrational effects are modeled using the Piezoelectric Force, transfer function concept [25, 28] . For example as shown in Fig. 2(a) , an input voltage u causes a displacement x of the creep model which gives
where k i and c i are the spring and damper constants, respectively. Similarly, by assuming the piezoelectric force F p is proportional to the applied input voltage (i.e., F p = αu), the vibrational-effect in the piezo actuator's input-output response can be effectively captured by the following second-order transfer function model:
Therefore, the key concepts pertaining to first and second-order dynamic systems [27] , as conventionally taught in ME dynamics/control courses, applies equally to the example piezo actuator. By using MATLAB software, students are asked to investigate the properties of these models due to various input voltages, for instance, an impulse input, a step input, a ramp, as well as sinusoidal and triangular trajectories. Additionally, they can study the effects of exciting the resonant mode by applying relatively-high frequency triangle inputs -these inputs induce oscillations and the oscillations limit the precision and operating speed of piezo-based systems in nano/bio technology [25] . Moreover, understanding this behavior is critical in the design of nano-precision positioning systems, for applications such as scanning probe microscopes (SPMs).
Experiment: Linear Vibrational Dynamics
The objective of the laboratory experiments is to give students hands-on skills [14] with observing, measuring, and controlling the behavior of piezo actuators. A modular experimental system shown in Fig. 3 was developed for the laboratory activities. It consists of a bimorph piezo actuator, an inductive displacement sensor, a lowcost infrared sensor, a high-voltage amplifier (not shown) to drive the piezo actuator, and a PC with a data acquisition card (not shown). The measurement and control software can be written in MATLAB (xPC-Target), LabView, or C-programming. Students are given the task of calibrating the sensors.
This laboratory exercise exposes students to the basics of measuring input-output responses of a dynamic system and obtaining a dynamics model from the measured output response. First, students are instructed to design a simple data acquisition program to observe and measure the vibrational dynamics effect of the piezo actuator (either by coding in MATLAB xPC-Target, LabView, or C). For example, the program sends a triangle waveform at various frequencies, and then measures the output displacement of the piezo actuator. Then the vibrational dynamics effect can be observed by comparing the applied input with the measured output, for instance as shown in Fig. 4(a) . In Fig. 4(a) , the oscillations in the output response (displacement) is caused by the vibrational dynamics, and the magnitude of the oscillations depends on the frequency of the input signal. Then, the exercise asks students to measure the frequency response of the piezo actuator using a dynamic signal analyzer (DSA). The expected frequency response is shown in Fig. 4 (b) and (c). Finally, students determine a transfer function model of the vibrational dynamics by curve-fitting the measured frequency response using MATLAB software [29] . Additionally, they are asked to validate the transfer function model by applying a step input to the piezo actuator, then to compare the measured response with the model's response. Lecture: Nonlinear Hysteresis Hysteresis effect becomes significant when piezo actuators displace over relatively large range [30, 31] . This effect causes loss in precision positioning, for instance in AFM systems [19, 32] . This lecture conveys the basic mechanisms of hysteresis (the energy loss caused by micro-scale domain wall interactions) [33] , and the properties of hysteresis (e.g., the local memory property) [34] . Furthermore, students learn various methods to quantify and characterize the hysteresis behavior.
Experiment: Nonlinear Hysteresis
To help students gain hands-on experience with hysteresis effect, they are asked to observe and model this behavior. The exercise calls for students to apply a triangle input signal of various amplitudes to the piezo actuator and compare the input and output signals (see example result in Fig. 5 ). The various amplitudes are chosen because hysteresis can be regarded as a range-dependent distortion [25] . From these measurements, students are asked to characterize the amount of hysteresis (i.e., distortion) present in the piezo actuator. Then, they use the input-output data (e.g., Fig. 5(a) and (b) ) to construct a simplified input-output model based on a look-up table, i.e., they correlate each input value with an output value (see Fig. 5(c) ). Such models can be used to design controllers to compensate for hysteresis [31, 35, 36] . 
PRECISION CONTROL OF PIEZO ACTUATORS
This component focuses on teaching students the fundamental control techniques for high-precision positioning of piezo actuators. They are taught the foundations of feedforward [25, 35, 36] and feedback control techniques [32, 37, 38] for piezoactuators (see control schemes shown in Fig. 6 ). The lecture module on characterization and modeling of piezoactuators, as described in Section 3, is presented a priori to facilitate the learning of these concepts.
Lecture: Feedforward Control
The feedforward technique is the process by which a model is exploited to control a system. The feedforward input can be found to compensate for positioning errors due to creep, vibration, and hysteresis by inverting a model, for example a vibrational dynamics or a hysteresis inputoutput model [25, 35, 36] . This lecture adopts a simple method involving a look-up table to implement the feedforward controller, where the table is constructed from the measured input-output behavior, for example, by experimentally measuring the hysteresis curve (see previous section). Other basic feedforward approaches to directly control the piezoactuator are also covered in this lecture [25] .
Experiment: Feedforward Control
This exercise gives students the opportunity to design and implement a simplified feed-forward controller to compensate for the hysteresis behavior. The experiment utilizes the experimental piezo system as shown in Fig. 3 . First, students are asked to experimentally obtain an input-output plot of the hysteresis behavior (see modeling component above). Then, they use the data to construct a simple look-up table model to describe the hysteresis. Afterwards, they invert the model to find the feedforward input to compensate for hysteresis effect (see Fig. 6 ). Then students analyze their design using MATLAB simulations, and finally apply their design to the experimental system. Students are required to measure the output response and quantify the performance of their design. Additionally, they also discuss implementation issues and the limitations of their designs.
Lecture: Feedback Control
This component teaches the fundamentals of feedback control for precision positioning of piezoactuators (see Fig. 6(b) ). Feedback control, for example, proportional-integral-derivative (PID), is widely used in industry to control piezoactuators in SPM-based systems [32, 37, 38] . The lecture material covers the issues of designing PID feedback controller (for piezo actuators) with low gain margin -the low gain margin is typical of piezoactuators and it can lead to the instability of the feedback system [15] . The concept of high-gain feedback [26] will be introduced to account for the hysteresis and creep behavior, as well as to improve the transient response and the bandwidth of the positioning system. We note that PID controller design is standard in the undergraduate ME curriculum [39] ), thus this lecture component can be seamlessly integrated into existing ME courses with the advantage of introducing new application involving piezoactuators.
Experiment: Feedback Control
Students are asked to design a PID controller for an experimental piezoactuator to achieve a desired response. They begin by simulating the controller in MATLAB software, then applying their design to control the experimental piezo-positioning system (Fig. 3) . Key control-design concepts such as percent overshoot, settling time, and steadystate error [39] are also discussed. Students are asked to use these concepts to quantify the performance of their controller design.
The lecture and laboratory components described above teach core concepts in system dynamics, control, and mechatronics. As a result, each component can easily and seamlessly be integrated to existing ME courses. Not only are the core concepts in modeling, characterization, and control covered by the proposed module, but the module also introduces students to the new topic of piezo-based nanopositioning.
DESIGN COMPONENT
Offering educational experiences that resemble what people need to do in the workplace prepares students for future tasks in non-school settings [40] . Engineering students are typically provided with such an open-ended real-world design experience in the capstone project (as part of design experience requirements of ABET [14] ). Therefore, this component exposes students to the design experience, as well as with design issues related to piezoactuators to prepare them for future work at the interface between engineering and nano/bio technology. In particular, this component aims to enable abstract representation of problems, for example, biomedical instrumentation involving piezoactuators, so that engineering concepts can be applied to solve them. A team of students is asked to abstract, for example, the problem of high-speed cell imaging with an AFM [15] into engineering requirements on the piezoactuator such as bandwidth, positioning accuracy, and resolution of data acquisition systems. These engineering requirements are used to design (build, control, and test) a high-speed piezoactuator experimental system similar to the setup shown in Fig. 3 . Students are also required to perform an evaluation of their design to determine the achievable bandwidth and positioning accuracy of the system. Additionally, they provide a cost analysis, manufacturing parameters, sustainability, and health and safety considerations.
IMPLEMENTATION
Each learning component described above is implemented in three courses -junior and senior level courses -as shown in Fig. 7 .
At ISU, ME421, Mechanical Systems and Control, is one of the 14 core ME undergraduate courses. The course focuses on introducing students to the art and science of modeling and analysis, simulation, and control of dynamic systems. Additionally, the course provides students the opportunity to experimentally implement closed-loop control schemes. Currently, concepts on modeling/control of electric motors are extensively discussed in ME421. As previously mentioned, these core concepts can also be taught in the context of piezoactuators. Particularly, the modeling aspects of the piezoactuator module is targeted for this course.
At VCU, EGRM 410 Mechatronics is a core senior-level course. The focus of the course is to teach the fundamental concepts of mechatronics, which is the integration of mechanical, electrical, and computer systems in design. Students are exposed to both theory and experiment materials which cover various concepts related to mechatronic systems [41] . In particular, control of electro-mechanical systems, such as DC motors, is one main component of the course -e.g., students build circuits to control DC motor, servo motors, stepper motors, and they design feedback controllers for simplified servo-systems. The aspect of control issues of piezoactuators is implemented in this course to expose students to engineering concepts of smart actuators, the analogy of the electric motor in the micro-to nano-scale world.
Finally, ME495M at UW is a Senior-level Capstone Design Course where students work in multidisciplinary teams on an open-ended design project as part of the core ME requirements. Traditional issues in design are addressed in this course through open-ended projects. Hence this course is well-suited for implementing the design aspect of the piezoactuator module.
ASSESSMENT
The goal of the assessment plan is to systematically examine the impact of the developed module and to determine whether the learning outcomes have been achieved through the use of both formative and summative evaluation procedures, and qualitative and quantitative information. The assessment and evaluation investigates students' learning and knowledge, students' attitudes and perceptions, and faculty development. The data facilitates the understanding of the project impact from design to implementation, and the interpretation of final outcomes [42, 43] . Formative evaluation procedures provides immediate feedback in an on-going assessment and evaluation process to aid continuous modification (both content and instruction) [44] throughout the project. For example, general ME content knowledge and specific knowledge of modeling, control, and design with piezoactuators are assessed using a pre-test at the start of each semester/quarter when the module is implemented. The results of the pre-test are used as a baseline to guide instructional planning and to compare the levels of students' a priori knowledge across the three institutions. Furthermore, quantitative data assessing content knowledge is collected through homework assignments, quizzes, course projects, and mid-term exam. Each of these consists of a combination of both selectedand constructed-response item formats that will vary according to the course content and objectives. Including both selectedand constructed-response formats allows for assessment of both wider range of learning objectives to evaluate the breadth and depth of technical understanding of concepts at lower and higher levels of cognitive processing [45] . The ability of students to transfer knowledge is assessed through specially designed homework assignments, quizzes, course projects, and exams. Student attitudes and perceptions are assessed at pre-test and then periodically using both formal and informal surveys. Results of the informal and formal surveys are used to enhance instruction and teaching of the modules. Student cognitive learning styleStudents' cognitive learning style is assessed at pre-test using a widely used measure of cognitive learning style, e.g., [46] .
Summative assessment is conducted to measure student learning through a cumulative final exam in each course. Students' knowledge, reasoning skills, and ability to transfer knowledge are assessed. The evaluation includes a combination of both selected-and constructed-response item formats that varies according to the course content and objectives, and cover incorporate both course-specific and overlapping items to permit both within-and across-institution comparisons. Likewise, student attitudes and perceptions are assessed using the same formal survey developed for the formative assessment. This enables the examination of change in attitudes as a result of the project with a specific focus on the content and format of the modules. In addition, the course evaluations used at each institution are used to provide information regarding students' perceptions of the instruction across the course as a whole.
CONCLUSIONS AND FUTURE WORK
We described the design of a teaching module to address the need to integrate nano/bio technology into the ME undergraduate curriculum. The piezoactuator was the centerpiece for the module, where lectures and laboratory activities (components) were developed to teach the fundamentals of modeling, control, and design. A collaboration between three universities was formed to develop each component of the module and to implement the teaching materials. We described an assessment plan to evaluate the impact of the module. We plan to develop modules that cover other smart actuators, including SMA, magnetostrictive devices, and electro-active polymers; and utilize the assessment results from implementing the piezoactuator module to improve all aspects of the module (modeling, control, and design) with the objective of integrating it into all levels of the ME curriculum.
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